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Abstract: The effects of pyrrole, anthraquinone-2-sulphonic acid (AQSA), ferric 
chloride (FeCl3) concentrations, reaction time and temperature on the electrical 
conductivity of polypyrrole (PPy) coated polyethyleneterephthalate (PET) 
fabrics were investigated. With an increase in both the AQSA and FeCl3 
concentrations resistivity decreases to a point beyond which higher 
concentrations lead to increased surface resistivity. Erosion of the polymer 
coating in dynamic synthesis from continual abrasion manifests as an 
exponential increase in the resistance of the coated textile substrate. This was not 
encountered in static synthesis conditions. Temperature was found to affect the 
degree of surface and bulk polymerisation. The effect of polymerisation 
temperature on the conductivity was found to be negligible. Conductive polymer 
coating on textiles through chemical polymerisation enables a smooth coherent 
film to encase individual fibres, which does not affect the tactile properties of the 
host substrate. The optimum ferric chloride/pyrrole and anthraquinone 
sulphonic acid/pyrrole molar ratios were found to be 2.22 and 0.40 respectively. 
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INTRODUCTION 
Conducting polymers display a wide range of electrical properties. The sensitivity of 
their electrical properties to radiation, temperature, gases and stress leads to various 
interesting areas of investigation. However, applications of conducting polymers have 
been limited due to their lack of processibility, flexibility and strength. These 
limitations can be overcome by coating textile substrates with conducting polymers to 
make composites, which possess the mechanical properties of textiles whilst retaining 
the desirable electrical properties of conducting polymers. There have been some 
publications in the area of conductive polymer coated textiles1 2 3 4 reporting chemical 
polymerisation in the presence of the substrate, which was exposed to an oxidizing 
agent, monomer and dopant simultaneously or sequentially using specific recipes, 
agitation times and temperatures. Polymer conductivity depends on the concentrations 
of the oxidant, monomer, dopant, polymerisation temperature and time. Chemical 
polymerisation is initiated by the oxidation of the monomer into radical cations. These 
combine to form dimers and trimers leading to formation of insoluble oligomers in 
solution, which deposit on the surface and interstices of the textile fibres and fabrics. In 
addition to deposition of the polymer on the substrate, significant  polymerisation in 
solution (bulk polymerisation) occurs, part of which deposits on the substrate. These  
nodular deposits are not adherent to the substrate and can be washed off the surface. 
 
Bulk polymerisation, which is undesirable for substrate coating, can be reduced whilst 
the polymer adsorption on the substrate surface can be improved by adjusting the 
concentration of the chemicals and synthesis parameters5.  
 
Textile substrates have been coated with conductive polymers by chemical 
polymerisation methods with the reaction time varying between 2 to 6 hours3 6 7 8. In 
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these reports, the effect of synthesis parameters on electrical conductivity have been 
discussed. For example, a reduction in the electrical conductivity of the coated material 
was observed with an increase in reaction time. This was attributed to the attachment of 
secondary products to the polymer chains by copolymerisation process. These 
copolymerisation products pushed the conjugated domains apart, reducing the hopping 
charge transfer between chains9. Polymerisation temperature was reported to influence  
conductivity and mechanical characteristics of the polypyrrole coating10.  
 
The rate of polymerisation was also strongly affected by the temperature of the 
synthesis. At higher temperatures, side reactions occurred that caused structural defects, 
reducing the conductivity of the film. Conversely, polymerisation at lower temperatures 
(0-5°C) in aqueous solutions containing ferric salts yielded films with higher 
conductivities 9. This was attributed to the more ordered structure at lower 
temperatures. Incorporation of anions during processing created the charge carriers and 
mobility required for electrical conduction. Conductivity was observed to increase, 
reaching a saturation with increase in the concentration of anions such as p-toluene 
sulphonate11. Further increase in the anion concentration resulted in a decrease in 
conductivity, particularly for large molecules such as dodecyl benzene sulphonate 
(DBS). The drop in conductivity was attributed to reduction in intermolecular hopping 
of charge carriers due to bulky side groups of the anion causing increased separation 
between the polymer molecules12.  
 
The optimum reactant oxidant/monomer ratio for polymerisation by FeCl3 has been 
suggested to be approximately 2.2-2.36 13. An increment in the concentration of the 
ferric salt beyond the optimum value resulted in a drop in conductivity of the 
polypyrrole9. Over-oxidation during synthesis led to ketone formation. The carbonyl 
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defects disturbed the conjugation along polymer chain and therefore reduced 
conductivity14 15 16.  
 
Neither the tactile nor the mechanical properties of textiles are affected significantly by 
coating with polypyrrole17. However, it has been reported by Kaynak et al18 that 
polypyrrole had a reinforcing effect on wool yarns. The tensile strength of the wool 
yarns increased whilst the initial modulus decreased slightly upon coating with 
polypyrrole. These changes in the tensile properties were attributed to the 
morphological changes that occurred to the wool surface upon coating.  
 
In this paper the effects of reactant concentration and synthesis parameters such as time 
and temperature on the electrical and morphological properties of conductive 
polypyrrole coated polyethyleneterephthalate (PET) fabrics are reported.  
 
EXPERIMENTAL 
Samples were prepared by polymerisation of pyrrole in the presence of substrates. This 
was achieved by mixing dilute aqueous solutions of the monomer, dopant and oxidant 
into reaction vessels containing the textile substrate. The reaction was carried out  from 
2 to 16 hours at two different temperature settings (0-4°C and 20-23°C) in both static 
and dynamic conditions. The samples were then removed, washed, dried and stored in a 
standard atmosphere of 20±2°C and 65±3% relative humidity.  
 
Pyrrole 97% was filtered through Aluminium oxide before application. Anthraquinone-
2-sulfonic acid sodium salt (AQSA) monohydrate 97%, was selected as the dopant and 
ferric chloride (FeCl3) hexahydrate 98% used as the oxidizing agent. All the chemicals 
were acquired from Sigma-Aldrich Pty Ltd. Polyethyleneterephthalate (PET) was 
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chosen as the fabric substrate. Our initial investigations of polypyrrole coated wool 
yarns revealed that when the dopant anion p-toluene sulphonic acid was substituted 
with anthraquinone-2-sulfonic acid a large reduction in surface resistivity from the 
mega ohm to the ohm region was achieved 18. Moreover, a more coherent and uniform 
coating was obtained through the use of AQSA as dopant. 
 
PET fabric samples of weight 4.2g ± 0.05g were dried at 105oC in accordance with the 
American Standard ASTM D1576-84 and the dry weights subsequently recorded. A 
pre-scour was carried out on the test samples to remove surface impurities such as 
waxes, oils and particulates. The treatment consisted of exposing the textile substrate to 
a solution containing 1g/l Solopon 4488™ (Dr. Th. BÖhme KG Chem Fabrik GmbH & 
Co.), 1g/l Na2CO3 and 0.25 g/l Verolan NBO™ (Rudolf Chemie) base heated to 80°C 
at a rate of 3°C/min, held at 80°C for 20 minutes followed by two repetitive rinses with 
deionised water. Fabric samples were individually placed into stainless steel reaction 
vessels. Dilute solutions of pyrrole (0.02-0.06 mol/l), doping agents AQSA (0.0008-
0.026 mol/l) and ferric chloride (0.02-0.14 mol/l) were added to the reaction vessel 
containing the substrate. All reactions were conducted at a liquor ratio of 60:1. 
 
Dynamic synthesis was carried out in stainless steel reaction vessels placed in a Rapid 
Rotary Dyer that enabled both control of temperature and rotation. Polymerisations 
were performed at 0-4°C and 20-23°C at a rotational speed of 20 rpm. At the 
conclusion of the coating process the fabric samples were rinsed to remove unfixed 
polypyrrole. Static synthesis was conducted without rotation of the vessels. 
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The insoluble filtrate from each reaction and rinse solution was collected and the filter 
cake dried at 105oC, weighed and used to determine the extent of bulk pyrrole 
polymerisation for each reaction. 
 
The percentage of bulk polymerisation can be expressed as follows: 
 
( ) 100 ×⎟⎟⎠
⎞
⎜⎜⎝
⎛
−= Unfixedscouredcoated
Unfixed
+WWW 
 W
erisationBulk polym%   (1) 
 
Where, Wunfixed and Wcoated are the weights of unfixed polypyrrole and coated substrate 
respectively. Wscoured refers to the weight of uncoated substrate. 
 
The polypyrrole-coated samples were dried as per (ASTM D1576-84) and the dry 
weights recorded. Weight gain was calculated as described previously18. 
 
Conductivity measurements were made by measuring the surface resistivity of the 
fabric samples. The test samples consisted of 8 mm x 50 mm strips conditioned in a 
standard atmosphere of 20 ± 2°C and 65 ± 3% relative humidity. Electrical resistance 
was measured between two parallel gold-coated electrodes with a 2 mm separation 
connected to a Fluke digital multimeter. The fabric sample was sandwiched between 
the electrode plates and a load of 8 kN applied at a rate of 5 N/sec to ensure good 
contact between the electrodes and the coated substrate. The load was held for 60 
seconds to allow for the resistance reading to equilibrate. Resistance measurements 
were performed on six samples for each data point, with three measurements taken 
from both sides of each sample.  
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The thickness of the polypyrrole coating on PET fibres was determined by the Optical 
Fibre Diameter Analyser (OFDA) which measures the width of fibres by the use of a 
projection microscope and a digital camera.  OFDA analysis was performed on both 
polypyrrole coated and uncoated fabrics in order to determine the difference between 
their fibre diameters.  OFDA views the image as two dimensional image and as a result 
the accumulative effects of coating on both sides of the fibre must be taken into 
consideration.  Therefore for the actual coating thickness to be derived the difference 
between coated and uncoated fibre diameter was divided by two.  The test fibres were 
obtained by extraction of the yarns from the fabrics.  Five individual tests were carried 
out for each fabric, each test measuring 4000 fibres.  The mean width was calculated 
using the statistical software on the OFDA.   
 
Resistivity was calculated by using the following equation: 
L
wdR   =ρ    (2) 
and  
ρσ
1=     (3) 
 
where ρ is the resistivity in ohm.cm, R is the resistance in ohms, d is the sample 
thickness in cm, w is the sample width (0.8cm) and L is the sample length between 
electrodes (0.2cm) and σ is the conductivity in S/cm. The mean coating thickness of a 
sample coated by optimum synthesis parameters was determined as 710 nm by the 
OFDA analysis. Hence using the separation of the probes and sample dimensions given 
above a resistance reading of the PPy coating of 10Ω yields an electrical conductivity 
of 344 S/cm. 
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Scanning electron microscopy analysis was conducted using a Leo 1530 field emission 
gun scanning electron microscope.  
 
 
RESULTS AND DISCUSSION 
In order to see the individual effects of the dopant (anthraquinone-2-sulphonic acid), 
oxidant (ferric chloride), and the monomer (pyrrole) on the surface resistivity of the 
coated textile substrate, concentrations of the reactants were varied one at a time. As 
seen in Figure 1, resistivity decreases with an increase in the concentration of 
anthraquinone-2-sulphonic acid (AQSA), reaching a minimum at approximately 0.018 
mol/l. With further increase in the concentration of AQSA there is a gradual increase 
in the resistivity. This may be attributed to the increase in the number of bulky AQSA 
anions increasing the intermolecular chain separation, resulting in reduced interchain 
hopping of charge carriers. Similar observations have been reported on the effects of  
dopant concentration on electrical conductivity 9  19 . 
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Figure 1. Resistance vs. anthraquinone-2-sulphonic acid (AQSA) 
concentration (Pyrrole: 0.045 mol/l, FeCl3: 0.04 mol/l, Temperature: 20-23°C, 
Duration: 6 hours). 
 
 
With increasing FeCl3 concentration (Figure 2) a continuous decrease in 
resistivity occurs until approximately 0.10 mol/l. The formation of carbonyl 
defects due to over-oxidation by FeCl3 may explain the advent of higher 
resistance occurring above 0.10 mol/l. Carbonyl defects cause interruptions in 
conjugation and act as impediments to charge transfer thus reducing 
conductivity. In an earlier study we have reported an increase in intensity of an 
α, β-unsaturated conjugated carbonyl peak, correlating with the loss of 
conductivity20. There have been other reports of overoxidation resulting in 
drop in the conductivity of the polypyrrole  3  21.  
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Figure 2. Resistance vs. ferric chloride concentration (Pyrrole: 0.045 mol/l, AQSA: 
0.018 mol/l, Temperature: 20-23°C, Duration: 6 hours). 
 
 
In the case of pyrrole, resistivity decreases with increase in concentration up to 
approximately 0.040 mol/l, beyond which the variation of resistivity with pyrrole 
concentration reduces. (Figure 3). 
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Figure 3. Resistance vs. monomer (pyrrole) concentration (FeCl3: 0.1 mol/l, AQSA: 
0.018 mol/l, Temperature: 20-23°C, duration 6 hours). 
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Figure 4. Dynamic synthesis. Resistance vs. reaction time at (a) 20-23°C and (b) 0-
4°C (Pyrrole: 0.045 mol/l FeCl3: 0.1 mol/l, AQSA: 0.018 mol/l). 
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Resistivity initially reduces as a result of surface polymerisation up to a reaction time 
of 4 hours in the case of the polymerisation carried out at 20-23 °C (Figure 4a) and up 
to 6 hours for 0-4°C (Figure 4b). The rate of polymer deposition on the substrate 
surface decreases with reaction time due to the exhaustion of the reactants. At 
increased reaction times, over 4 hours, at 20-23°C, the rate of deposition of the 
polymer is overcome by the effect of frictional forces between the substrate and 
vessel surfaces. Erosion of the polymer coating from this continual abrasion manifests 
as an exponential increase in the resistance of the coated textile substrate (Figure 4a). 
The SEM image in Figure 5 shows a section of a PET fibre coated with PPy film, 
where parts of the PPy coating have been abraded off the fibre surface due to the 
frictional damage. In the case of low temperature reaction we do not see the 
exponential increase in resistivity beyond 6 hours (Figure 4b). In contrast, resistivity 
levels off at 6 hours with the increase in the reaction time. The difference in final 
resistivity of the coated fabrics at the two synthesis temperatures is attributed to the 
ease at which the coating was abraded from the fibre surface. This difference arises 
from the relative dissimilarity in cohesiveness of the PPy film to the fibre, as inferred 
from the observation that thinner coatings results in a more adherent film.  
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Figure 5. Scanning Electron Micrograph of the PPy coated PET fabric with regions of 
coating abrasion. Magnification: 931X. 
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Figure 6. Static synthesis. Resistance vs. reaction time (Pyrrole: 0.045 mol/l, FeCl3: 
0.1 mol/l, AQSA: 0.018 mol/l). 
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The exponential increase in the resistivity beyond 4 to 6 hours was not encountered in 
static synthesis conditions (Figure 6). As the build up of polymer on the substrate 
surface occurs, resistivity decreases for both 20-23°C and 0-4°C, levelling off at 
approximately 6 and 10 hours respectively. Up to a reaction time of 8 hours, 
polymerisation at 20-23°C resulted in fabrics with higher conductivity compared to 
that of fabrics coated at 0-4°C. This is attributed to the difference in reaction rates and 
therefore the quantity of polypyrrole deposited on the surface (Figure 7). As the 
deposition continues beyond 8 hours, the difference in resistivity between the two 
temperature settings diminishes (Figure 6). Although the quantity of PPy deposited on 
the surface is lower at 0-4°C compared to that at 20-23°C (Figure 7), the polymer 
chains, being more ordered at reduced temperatures, yield slightly higher 
conductivity. This is supported by the finding that lower temperatures (0-4°C) yielded 
higher conductivities in aqueous solutions of ferric salts and oxidation of pyrrole in 
organic solvents 9 22. However, if the resistivity of the substrates coated at 20-23°C 
and 0-4°C are compared in regards to duration of synthesis, we see in Figure 6 that 
there is not any significant improvement in conductivity with a reduction in 
temperature to 0-4°C.  
 
   14
   
0 2 4 6 8 10 12 14 16 18
2
4
6
8
10
12
14
16
18  20-23°C
 0-4°C
W
ei
gh
t g
ai
n 
(%
)
Time (hours)
 
Figure 7. Percent weight gain vs. time. Weight Gain due to surface deposition of 
polypyrrole at 20-23°C and 0-4°C. (Pyrrole: 0.045 mol/l, FeCl3: 0.1 mol/l, AQSA: 
0.018 mol/l). 
 
 
At higher temperatures polymerisation occurs more readily, resulting in a greater 
percentage of insoluble polymers in solution. With a reduction in temperature surface 
polymerisation is lessened as is bulk polymerisation. The rate of weight gain of the 
substrate with the reaction time is higher at 20-23°C than at lower temperature (0-
4°C) (Figure 7).  
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Figure 8. Weight gain due to polymerisation vs. oxidant (FeCl3) concentration. 
Surface PPy refers to the polypyrrole coated on the textile substrate. Bulk PPy refers 
to polypyrrole formed in solution, unfixed on the textile surface. (Pyrrole: 0.045 
mol/l, FeCl3: 0.02-0.05 mol/l, AQSA: 0.018 mol/l, 20-23°C). 
 
   16
   
0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060 0.065
0
10
20
30
40
50
60
70
80
 Bulk PPy
 Surface PPy
W
ei
gh
t P
er
ce
nt
ag
e 
(%
)
Pyrrole (mol/l)
 
Figure 9. Effect of pyrrole concentration on surface and bulk polymerisations. 
(Pyrrole: 0.025-0.06 mol/l, FeCl3: 0.1 mol/l, AQSA: 0.018 mol/l, 20-23°C). 
 
 
Figures 8 and 9 show the effect of ferric chloride and pyrrole concentrations on bulk 
and surface polymerisation. As the concentration of FeCl3 increases (Figure 8), bulk 
polymerisation increases at a higher rate than the polymerisation at the surface of the 
substrate. However, the linear trend in weight gain does not translate into a linear trend 
in conductivity, where lower surface resistivity was obtained at intermediate FeCl3 
concentrations (Figure 2). This trend was also exhibited by the variation of resistivity 
with pyrrole concentration (Figure 3). 
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Figure 10. SEM micrograph showing the dendritic polypyrrole deposit on the 
polypyrrole coated PET fibres. Magnification: 4000X.  
 
 
Temperature, oxidant, monomer and dopant concentration, all influence the extent of 
bulk polymerisation. Bulk polymerisation gives rise to insoluble dendritic polymers, 
which remain in solution. A certain quantity of these insoluble dendritic polymers 
deposit on the substrate (Figure 10). Since these particles are not adherent they can be 
washed off the surface of the substrate. Bulk polymerisation can be decreased by 
reducing the oxidant concentration, but this is to the detriment of conductivity. The 
effect of pyrrole concentration on bulk polymerisation is similar to that displayed by the 
oxidant concentration. As seen in Figure 9 bulk polymerisation displays an increase 
with the monomer concentration while the polymerisation at the substrate surface is 
independent of the pyrrole concentration.   
 
Conductive polymer coating on PET fabrics through chemical polymerisation enables a 
smooth coherent film to encase individual fibres (Figure 11). In this study it is evident 
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that tactile properties of the fabrics are not altered by coating them with conductive 
polypyrrole. 
  
 
 
Figure 11. Electron micrograph of a chemically polymerised PPy film on a PET fibre. 
Magnification 10000X. Pyrrole: 0.045 mol/l, AQSA:0.018 mol/l, FeCl3: 0.1 mol/l 
Polymerisation time: 6 hours, Temperature: 20-23°C. 
 
 
CONCLUSION 
This paper examined the effects of reactant concentrations and synthesis parameters 
of polypyrrole coatings on PET fabrics. The optimum reactant concentrations were 
derived from numerous synthesis trials during which each variable was examined and 
its effect on conductivity investigated. Graphical analysis showed that molar 
concentrations of the reactants, temperature and time had a significant influence on 
either the resultant conductivity, rate or ratio of bulk to surface polymerisation. 
However, vast changes in surface morphology with variations in reactant 
concentrations and temperature were not observed. Coating thicknesses and respective 
conductivities obtained at the two different temperature settings is significant in 
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regards to the end use of conductive polypyrrole coated fabrics. For applications such 
as EMI shielding and microwave absorption, where higher coating thickness is 
desired, and when exposure of the coating to abrasion is not an issue, room 
temperature synthesis is preferable. Where comparable conductivities, greater 
resistance to abrasion are required benefits are found in low temperature synthesis. 
The optimum ferric chloride/pyrrole and anthraquinone sulphonic acid/pyrrole molar 
ratios in regards to electrical conductivity were found to be 2.22 and 0.40 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   20
   
ACKNOWLEDGEMENTS 
The authors acknowledge Mr. Chris Hurren for the construction of the testing apparatus 
for conductivity measurements, Dr. Mark Nave for helping with the scanning electron 
microscopy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   21
   
   22
                                                
REFERENCES 
 
1 Kuhn H, Child A and Kimbrell W, Synt Met 71: 2139 (1995). 
2 Child A D and Kuhn H, Synt Met 84: 141 (1997). 
3Appel G, Yfantis A, Gopel W and Schmeiber D, Synt Met 83: 197 (1996). 
4 Malinauskas A, Polymer 42: 3957 (2001). 
5 Saurin M and Armes S P, J Appl Polym Sci 56: 41 (1995). 
6 Boutrious J P, Jolly R and Petrescu C, Synt Met 85: 1405 (1997). 
7 Kincal D, Kumar A, Child A and Reynolds J, Synt Met 92: 53 (1989). 
8 Gregory R V, Kimbrell W C and Kuhn H H, Synt Met 28: C823 (1989). 
9 Rodriquez J,. Grande H J and Otero T F, “Handbook of Organic Conductive 
Molecules and Polymers: Vol. 2. Conductive Polymers: Synthesis and Electrical 
Properties”, (H. S. Nalwa Ed.), Chap.10, p.413, John Wiley and Sons, New York, 
(1997). 
10 Unsworth J, Innis P  C, Lunn B  A and Norton G  P, Synt Met 53: 59 (1992). 
11Unsworth J, Kaynak A, Lunn B A and Beard G E, J  Mat  Sci 28: 3307 (1993). 
12 Dahman S J, Polym Eng Sci 39: 2181 (1999). 
13Kudoh Y, Synt Met 79: 17 (1996).  
14 Thieblemount J C, Gabelle J L and Plasche M F,  Synt Met 66: 243 (1994). 
15Lei J and Martin C R, Synt Met 48: 331 (1992).  
16 Tansley T L and Maddison D S, J Appl Phys 69: 7711 (1991). 
17 Heisley C L, Wightman J P, Pittman E H and Kuhn H H, Textile Res J 63: 247 
(1993). 
18 Kaynak A,  Wang L, Hurren C, Wang X, Fibers and Polymers 3: 24 (2001). 
19 Sun H and Sun B, J Appl Electrochem 23: 212 (1993). 
20 Kaynak A, Rintoul L, George A G, Mat Res Bull 35:813 (2000). 
 
 
21 Uyar T, Toppare L and Hacaloglu J,  Synt Met 123: 335 (2001). 
22 Myers R E, J Electron Mater 15: 61 (1986). 
